Abstract. 24
In terrestrial ecosystems, plants interact with diverse taxonomic groups of bacteria and fungi 25 in the phyllosphere and rhizosphere. Although recent studies based on high-throughput DNA 26 sequencing have drastically increased our understanding of plant-associated microbiomes, we 27 still have limited knowledge of how plant species in a species-rich community differ in their 28 leaf and root microbiome compositions. In a cool-temperate semi-natural grassland in Japan, 29
we compared leaf-and root-associated microbiomes across 138 plant species belonging to 33 30 plant orders. Based on the whole-microbiome inventory data, we analyzed how sampling 31 season as well as the taxonomy, nativeness (native or alien), lifeform (herbaceous or woody), 32 and mycorrhizal type of host plants could contribute to variation in microbiome compositions 33 among co-occurring plant species. The data also allowed us to explore prokaryote and fungal properties can contribute to the organization of leaf-and root-associated microbial 77
communities. 78
In this study, we sampled leaves and roots of 138 plant species representing 112 genera, 79 55 families, and 33 orders in a cool-temperate grassland in Japan, thereby performing a high-80
throughput sequencing analysis of both prokaryote and fungal communities associated with 81 In the grassland, both native and alien plant species were sampled to reveal the 103 compositions of prokaryote and fungal communities associated with leaves and roots through 104 summer and autumn (July 19-20, August 16-18, and September 7-8) in 2017. We targeted 105 only non-reproductive plant individuals that had neither flower buds, flowers, nor fruits so 106 that plant physiology and chemistry would not be affected by reproduction. We tried to 107 sample as many plant species as possible within the sampling days in each month. Note that 108 root systems of multiple plant species were tangled with each other at the study site due to the 109 dominance of perennial plants. Therefore, we sampled 1-8 liters of soil including root 110 systems for each target plant individuals and quickly washed the root system in a nearby 111 laboratory to carefully trace root tips directly connected to above-ground tissue of the target 112 Each leaf or root sample was surface-sterilized by immersing it in ´1/100 NaClO (Nacalai 121 Tesque) for 1 min and it was subsequently washed in ethanol twice. DNA extraction was 122 extracted with a cetyltrimethylammonium bromide (CTAB) method after pulverizing the roots 123 with 4 mm zirconium balls at 25 Hz for 3 min using a TissueLyser II (Qiagen) (Toju et al., 124 2013) . mer Ns] -[ITS2_KYO2] -3'). The buffer and polymerase system of KOD FX Neo was used 160 with a temperature profile of 94 ºC for 2 min, followed by 35 cycles at 98 ºC for 10 s, 58 ºC 161 for 30 s, and 68 ºC for 50 s, and a final extension at 68 ºC for 5 min. Illumina sequencing 162 adaptors and 8-mer index sequences were then added in the second PCR as described above. 163
The amplicons were purified and pooled as described above. 164
The sequencing libraries of the prokaryote 16S and fungal ITS regions were processed in 165 an Illumina MiSeq sequencer (run center: KYOTO-HE; 15% PhiX spike-in). Because the 166 quality of forward sequences is generally higher than that of reverse sequences in Illumina 167 sequencing, we optimized the MiSeq run setting in order to use only forward sequences. 168
Specifically, the run length was set 271 forward (R1) and 31 reverse (R4) cycles to enhance 169 forward sequencing data: the reverse sequences were used only for discriminating between 170
16S and ITS1 sequences based on the sequences of primer positions. 171 172
Bioinformatics 173
The raw sequencing data were converted into FASTQ files using the program bcl2fastq 1.8.4 174 distributed by Illumina. The output FASTQ files were demultiplexed with the program 175 Claident v0.2. 2018.05.29 Tanabe, 2018) , by which sequencing reads 176 whose 8-mer index positions included nucleotides with low (< 30) quality scores were 177 removed. Only forward sequences were used in the following analyses after removing low-178 quality 3'-ends using Claident. Noisy reads (Tanabe, 2018) were subsequently discarded and 179 then denoised dataset consisting of 2,973,811 16S and 2,774,197 ITS1 reads were obtained. 180
The sequencing data were deposited to DNA Data Bank of Japan (DDBJ) (DRA007062). 181 The "Bray-Curtis" metric of b-diversity was used in the PERMANOVA analyses.
227

Randomization Analyses of Preferences 228
To explore prokaryote/fungal genera that preferentially occurred on plant samples with 229 specific properties, a series of randomization tests were performed. In each genus-level matrix 230 (leaf prokaryote, root prokaryote, leaf fungal, or root fungal genus-level matrix), sample 231 information was shuffled among plant samples (100,000 permutations) and then preference of 232 a prokaryote/fungal genus (i) for a sample property (j) was evaluated as follows: 233
where Nobserved (i, j) denoted the mean number of the sequencing reads of genus i among 235 property j samples in the original data, and the Mean (Nranodomized (i, j)) and SD (Nranodomized (i, from the leaf prokaryote, root prokaryote, leaf fungal, and root fungal datasets, respectively 251 ( Supplementary Fig. 1 ). The numbers of prokaryote orders and genera were higher in root 252 samples than in leaf samples, while those of fungal orders and genera showed opposite 253 patterns (Fig. 2) . 254
The leaf prokaryote communities of the examined plants were dominated by the order 255
Rhizobiales, while diverse bacterial taxa constituted the root prokaryote communities (Fig.  256   3A-B ). In the leaf fungal communities, the order Capnodiales were the most abundant, while 257 root fungal community compositions varied considerably among host plant orders ( Fig. 3C -258 D). 259 260
Factors Contributing to Microbiome Compositions 261
In the PERMANOVA, sampling month had significant effects on the leaf prokaryote, root 262 prokaryote, and leaf fungal community compositions but not on the root fungal community 263 structure (Table 1 ; Supplementary Table 1 ). Meanwhile, order-level host taxonomy influenced 264 the root prokaryote, leaf fungal, and the root fungal community compositions but not the leaf 265 prokaryote community structure (Table 1 ). The nativeness of host plants (native or alien) had 266 significant impacts on the root prokaryote and the root fungal (genus-level) community 267 compositions ( Table 1 ). The analysis also showed that host plant lifeform (herbaceous or 268 woody) had significant effects on the leaf fungal community structure (Table 1) . 269 270
Randomization Analyses of Preferences 271
In the randomization analyses, the relative abundances of four bacterial and eight fungal 272 genera changed through the sampling months (Table 2) . For example, the fungal genera 273
Leucosporidium, Taphrina, and Dioszegia in the leaf fungal community appeared 274 preferentially in July, while the bacterial genera Amnibacterium, Spirosoma, and 275
Hymenobacter preferentially occurred in September (Table 2) . Regarding the nativeness of 276 hosts, 14 bacterial and 23 fungal genera showed preferences for alien plant species (Table 3) . 277
The list of bacterial genera with preferences for alien plant species included Deinococcus, 278
Dermacoccus, Rubrobacter, Brevundimonas, Paraburkholderia, and Virgisporangium, while 279 that of fungal genera showing preferences for alien plants involved Phoma, Hymenoscyphus, 280
Sakaguchia, Didymella, Curvularia, Cylindrocarpon, and Meliniomyces (Table 3 ). In contrast, 281 two bacterial genera, Actinoallomurus and Singulisphaera showed preferences for native 282 plant species (Table 3) . The randomization analyses also indicated that two bacterial (Massilia 283
and Steroidobacter) and four fungal (Veronaea, Lophiostoma, Agrocybe, and Leptodontidium) 284 genera occurred preferentially on woody plant species ( Supplementary Table 2 ). Although 285 mycorrhizal type of host plants did not have significant effects in the community-level 286 statistical analysis (Table 1) , a number of bacterial and fungal genera showed preferences for 287 host mycorrhizal type (Table 4 ; Supplementary Table 3 ). For example, the bacterial genera 288 Ferrimicrobium, Kineococcus, Sandarakinorhabdus, and Microthrix showed preferences for 289 non-mycorrhizal plant species, while Flavisolibacter, Neochlamydia, and Phenylobacterium 290 showed preferences for ectomycorrhizal plants (Table 4 ). Fungi in the genera Colletotrichum, 291
Entorrhiza, Mycoarthris, and Sugiyamaella, for instance, occurred preferentially on non-292 mycorrhizal plants, while not only ectomycorrhizal fungal genera (Laccaria and Tomentella) 293 but also potentially endophytic fungal genera such as Phialocephala and Oidiodendron 294 appeared preferentially on ectomycorrhizal plant species (Table 4 ; Supplementary Table 3) . 295
Bacteria and fungi with preferences for arbuscular mycorrhizal plants were not detected in the 296 present randomization analyses presumably due to the dominance of arbuscular mycorrhizal 297 plants within the datasets (see Discussion). 298
299
DISCUSSION
300
Based on a high-throughput sequencing dataset, we herein compared leaf and root 301 microbiome compositions across co-occurring plant species in a temperate grassland. By 302 targeting one of the most plant-species-rich ecosystems in the cool-temperate climate, we 303 compared leaf-and root-associated microbial communities across 33 plant orders ( Fig. 3) and 304 then performed a series of statistical analyses on factors that may influence community 305 compositions of plant-associated microbes (Tables 1-4 ). Hereafter, we discuss potential 306 contributions of the factors examined, focusing on preferences of each microbial taxon for 307 host characteristics. 308
An interesting finding of this study is that, while the compositions of leaf prokaryote, root 309 prokaryote, and leaf fungal communities changed through the sampling months, root fungal 310 community compositions did not significantly shift during the period (Tables 1-2). This 311 pattern possibly represents difference in basic environmental features between above-and 312 below-ground systems and/or difference in phenological patterns between prokaryote and 313 fungal communities. For example, above-ground biotic/abiotic environments may be more 314 dynamics than below-ground environments, resulting in rapid turnover of microbial 315 communities. Moreover, above-ground parts of plants are more likely to be accessed by wind-316 dispersed spores and inocula than below-ground parts: hence, above-ground microbiome 317 processes may be susceptible to continual immigration. In addition to potential contrasting Year-round comparative studies on leaf and root microbiomes are awaited for gaining more 325 comprehensive understandings of microbiome dynamics. 326
Among the microbial communities examined, both root-associated prokaryote and fungal 327 communities significantly varied between native and alien plant species (Table 1) . The 328 randomization analysis then allowed us to screen for bacterial and fungal genera showing 329 preferences for native or alien plants (Table 3) conditions. In addition, the analysis showed that various genera in the phylum Actinobacteria 333 (Rubrobacter, Dermacoccus, Actinoallomurus, and Virgisporangium) showed preferences for 334 native or alien plant species. Given that many actinomycete bacteria produce chemicals At the whole community level, mycorrhizal types of host plants did not have significant 347 effects on plant microbiome compositions, while effects of plant lifeform (herbaceous or 348 woody) were significant in one of the communities examined (i.e., leaf fungal community) 349 (Table 1 ; Supplementary Table 3 ). However, the randomization analysis for respective 350 microbial taxa highlighted diverse bacterial and fungal genera showing statistically significant 351 preferences for host mycorrhizal types (Table 4) (Table 4 ; Supplementary Table 3 ) sheds light on 366 potential diversity of bacteria and fungi that may partly fill niches of mycorrhizal fungi in 367 non-mycorrhizal plant species. 368
Although the data collected in this study provide fundamental information of microbial 369 diversity in a grassland ecosystem, the statistical results should be interpreted with caution. 370
First, the small number of samples per plant species may have affected the comparison of 371 microbiome compositions among plant taxa (Fig. 3) . The identification of plant roots is time-372 consuming especially in species-rich grasslands consisting mainly of perennial plants with 373 tangled root systems, limiting the throughput of sampling. Therefore, for more comprehensive 374 profiling of plant microbiomes, we may need to increase the throughput of plant species 375 identification based on molecular taxonomic assignment (i.e., DNA barcoding) of host plants 376 and fungi in the dataset may have biased the statistical analyses. Although databases of 378 microbes have been continually updated, there remain many bacterial and fungal lineages 379 whose taxonomy has not yet been fixed. In particular, below-ground microbiomes are known 380 to involve a number of poorly investigated taxa, whose physiological and ecological functions 381 remain to be uncovered (Buée et al., 2009; Fierer, 2017) . Thus, with more reference microbial 382 databases, we will be able to examine whether the patterns found in the present analysis hold 383 after assigning unidentified OTUs to right categories. Third, there seems limitation of the 384 randomization method used in this study. In the analysis of host plant nativeness, significant 385 preferences for native plant species were detected only for a few microbial genera (Table 3) . 386
Likewise, in the analysis on plant mycorrhizal types, there was no microbial genus showing 387 preferences for arbuscular mycorrhizal plants ( Table 4) 
660
Prokaryote and fungal genera are listed with their preference scores for specific months. The 661 P values obtained in the randomization analysis were converted to false discovery rates 662 (FDRs). Genera whose preference scores exceeded three are shown. 663 664 
667
Prokaryote and fungal genera are listed with their preference scores for native/alien plant 668 species. The P values obtained in the randomization analysis was converted to false discovery 669 rates (FDRs). Genera whose preference scores exceeded three are shown. 
